Abstract: In the Minimal Supersymmetric Standard Model light neutralinos can satisfy the dark matter (DM) abundance constraint by resonant annihilation via a Z or a light Higgs (h) boson. In this work we study the current and future status of this scenario by investigating relevant experimental constraints, including DM direct detection, measurements of Z and Higgs invisible decays, and direct searches at the Large Hadron Collider (LHC). To take full advantage of the LHC data, we combine the results of all relevant electroweakino searches performed by the Compact Muon Solenoid (CMS) Collaboration. Such combination can increase the bound on the Higgsino mass parameter to |µ| > 390 GeV, which is about 80 GeV stricter than the bound obtained from individual analyses. In a simplified model we find that the Z funnel region is on the brink of exclusion, the h funnel for µ < 0 only survives if tan β < 7.4, and the h funnel for µ > 0 is the main surviving region. Future DM direct detection experiments, such as LUX and ZEPLIN, can explore the whole region, while the high luminosity LHC can exclude tan β > 8 for µ > 0 and tan β > 5.5 for µ < 0. After applying the the muon anomalous magnetic moment constraint only a tiny part of the Z/h funnel region survives which will soon be probed by ongoing experiments.
Introduction
A wide range of astrophysical observations indicates the existence of dark matter (DM) at various length scales via gravitational effects. Motivated by this during the last decades considerable effort was made to detect DM particles at collider experiments (such as LEP and the LHC), in direct (by XENON, LUX or PandaX) and indirect (AMS-II, Fermi-LAT or DAMPE) detection experiments. Despite the lack of direct experimental evidence, the lightest neutralino of the R-parity conserving Minimal Supersymmetric Standard Model (MSSM) remains an especially attractive DM candidate. This is because, beyond dark matter, the MSSM provides solutions to several problems of the Standard Model (SM): the lightness of the observed Higgs mass, a dynamical mechanism of electroweak symmetry breaking, the unification of particles and forces and beyond.
Supersymmetric (SUSY) global fits, which also include experimental constraints on DM particles, have delineated the most likely model parameter regions . In global fits of the phenomenological Minimal Supersymmetric Standard Model (MSSM) [20] [21] [22] , there is always a Z/h funnel region in which neutralino dark matter can achieve the right thermal relic density through Z or Higgs boson resonant annihilation. Consequently, in this region the DM mass is about half of the Z or Higgs boson mass. Comparing to other regions, the Z/h funnel region is an islet in the parameter space where some of the supersymmetric particles (sparticles) are relatively light. These characteristics make the sparticles in the Z/h funnel region the most promising candidates to be detected at the LHC and DM search experiments. This is our main motivation to carefully explore the present and future status of the Z/h funnel region.
Z/h resonant annihilation is important in natural SUSY [23] , especially in the natural MSSM, since it allows the lightest neutralino to achieve the observed thermal relic density [24] . In the natural Next-to-MSSM (NMSSM), although the inclusion of a singlet superfield relaxes the experimental constraints on the electroweakinos, the exclusion of the Z/h funnel region increases the lower limit on the DM mass from 20 GeV to 80 GeV [25] [26] [27] . The lower limit on the DM mass, in turn, is critical for any LHC sparticle search because under R-parity all sparticles decay to the lightest supersymmetric particle (LSP)χ 0 1 and the LSP mass is folded into the analyses. Typically, stricter search limits arise in analyses with light neutralinos. In a simplified model, for instance, with first-and second-generation massdegenerate squarks, squark masses below 1.6 TeV (1.4 TeV) are excluded for mχ0 > 600 GeV [28] . Therefore, in most cases, the exclusion of the Z/h funnel region affects the mass limits of all sparticles.
The MSSM Z/h funnel region have been examined in numerous recent papers . The constraints from LHC Run-I SUSY direct searchers were implemented by requiring that the SUSY signal events do not exceed the 95% confidence level (C.L.) upper limit in the signal region with the best-expected exclusion power [30, 33, 49, 50] . At Run-I, due to relatively small backgrounds of leptonic processes, the signal region with the best-expected exclusion power for the Z/h funnel region comes from the "3 " search for the pp →χ
1 process [52] . However, with the increase of centre-of-mass-energy and integrated luminosity, the boosted jets can also be used to distinguish signals of heavy electroweakinos from background events. As a result, the sensitivities of searches for other decay modes will increase significantly, even surpassing the "3 " search. An example is the "1 2b" search for the pp →χ 1 process with one lepton, two b-jets and E miss T final state. At the high luminosity LHC (HL-LHC), the 95% C.L. exclusion contour of "3 " search reaches 1100 GeV in the case of the W Z-mediated simplified models [53] , while the exclusion contour of "1 2b" search reaches 1310 GeV inχ 2 The Z/h-resonant neutralino dark mater
In this section we describe the MSSM electroweakino sector, that is the superpartners of the electroweak gauge bosons (BinoB and WinosW ) and the two Higgs doublets (HiggsinosH). After electroweak symmetry breaking the electroweakinos mix to form neutralinoχ 0 i (i = 1, 2, 3, 4) and charginoχ 
Here M 1 , M 2 and µ are the Bino, Wino and Higgsino masses, s β = sin β and c β = cos β where tan β = H u / H d is the ratio of the vacuum expectation values of the two Higgs doublets, M Z is the Z boson mass, and s W and c W are the sine and cosine of the weak mixing angle θ W . With the same notation, in the (W ± ,H ± ) basis the chargino mass matrix is given by
where M W is the W boson mass. The physical masses of the neutralinos and charginos are given by the eigenvalues of M χ 0 and M χ ± . Due to the mχ± 1 > 92 GeV chargino mass limit from LEP [59], the Wino mass, M 2 , and Higgsino mass, |µ|, must be higher than about 100 GeV. As a result, the lightest neutralino, with mass mχ0 1 ∼ M Z /2 or M h /2, must be Bino dominated. We demand it to be the LSP, and R-parity conservation renders it a DM candidate. The main annihilation mode for this DM proceeds via an s-channel Z or Higgs boson, and the corresponding annihilation cross section is given by [49] :
3) where C Z/h is the coupling betweenχ 0 1 and the Z/h boson, and Γ Z/h is the corresponding decay width. The couplings arise via neutralino mixing, as shown by the relevant Lagrangian term [60] :
Here α is the Higgs mixing angle, and N ij are the elements of the 4 × 4 unitary matrix that diagonalizes the neutralino mass matrix M χ 0 such that N 2 11 , N 2 12 and N 2 13,14 are the Bino, Wino and Higgsino components ofχ 0 1 , respectively. Equation (2.4) shows that the Higgsino components play an important role both in the hχ 0 1χ 0 1 and Zχ 0 1χ 0 1 interaction.
Considering the limit M 1 < 100 GeV < |µ| M 2 , the Higgsino components can be expressed as [30] 
which decrease when the mass hierarchy between Higgsino and Bino increases. From equations (2.5) and (2.4), one can derive the couplings
Thus, the relic density of Z/h-resonant DM at tree level depends on M 1 , µ and tan β. We, therefore, perform a scan over M 1 , µ and tan β to identify the parameter space where Z/h-resonant DM satisfies the observed DM abundance. Following that, we examine on the impact of current and future experimental constraints on this parameter space.
The parameter space and constraints
To concentrate on the Z/h funnel region, we first study the simplified model that assume the masses of all sfermions and the gluino are fixed at 3 TeV, heavy enough to decouple at LEP or the LHC. To match the measured value of SM-like Higgs mass of 125.09 GeV [61] , the tri-linear coupling A t is fixed at 4.5 TeV for tan β > 10, at 5.0 TeV for 7 < tan β < 10, and at 6.0 TeV for tan β < 7. Under these assumptions, we sample the following parameter space:
10 GeV < M 1 < 100 GeV, 50 GeV < |µ| < 1500 GeV, 5 < tan β < 50.
We use SUSY-HIT-1.5 [62] based on SuSpect [63] , together with SDecay [62, 64] and HDecay [65] to generate the mass spectrum and to calculate the Z/h boson decay branching ratios, micrOMEGAs-4.3.5 [66, 67] to calculate the DM observables, and EasyScan_HEP [5] to perform the scan. Due to the low dimensionality and simplicity of the parameter space we generate samples on a grid. In Sections 3.1-3.4 we detail the relevant constraints on the Z/h-resonant DM. Here we ignore other observations, such as B-physics measurements, that tend to give mild constraints due to the high scale of the fixed SUSY parameters.
The thermal relic density of DM
From equations (2.6) and (2.3), we see that the measurement of the DM abundance by Planck [68] and WMAP [69] place severe restrictions on the relationship among M 1 , µ and tan β. We assume that the thermal relic density of the lightest neutralino is equal to the cold DM abundance Ωh 2 = 0.1199 ± 0.0022 at 2σ level with 10% theoretical uncertainty (c.f. the Plik cross-half-mission likelihood in [68] ). In Figure 1 we project the allowed regions on the (mχ0 As sketched in Section 2, to achieve both the observed DM abundance and a sizable coupling to the Z/h boson, the Bino-likeχ 0 1 must contain certain amount of Higgsino component. This imposes limits on the Higgsino mass, shown in Figure 1 by the colored regions. The blank region above the colored region leads to an overproduction of DM in the early universe, while the blank region below the colored region has a relic density smaller than 0.096. Due to the resonance in equation (2.3), the Higgsino mass is enhanced when mχ0 . This difference is caused by the sign of M 1 /µ in the coupling between theχ 0 1 and the Higgs boson. Taking the decoupling limit of the Higgs sector, β − α = π/2, C h in equation (2.6) can be written as
Therefore, for M 1 /µ > 0 and M 1 M h /2 to keep the coupling C h unchanged the Higgsino mass has to increase from 400 GeV to 1440 GeV and tan β has to decrease from 50 to 5. For the same reason, for M 1 /µ < 0 and M 1 M h /2 the coupling is bracketed as |µ| decreases from 380 GeV to 130 GeV and tan β decreases from 50 to 7. For M 1 /µ < 0 and tan β < 7 there are two separate regions corresponding to the observed relic density, divided by the so-called "blind spot" where sin 2β = M 1 /µ [26, 38, [70] [71] [72] . The coupling C h changes sign between the two regions. For tan β = 5 and mχ0 1 = 52 GeV, for example, the regions µ < −136 GeV and −168 GeV < µ < −1085 GeV both correspond to Ωh 2 < 0.14.
The Z resonance, on the other hand, is independent of the sign of M 1 /µ and it mildly depends on tan β, as shown in equation (2.6). The Higgsino can be as heavy as about 470 GeV when DM annihilates via the Z resonance.
Dark matter direct detection experiments
Neutralinos with non-negligible Higgsino component can be directly detected via elastic scattering on nuclei mediated by Z or Higgs boson exchange [73] [74] [75] [76] [77] [78] . The null result of the searches for such scattering by LUX [73] , XENON1T [74, 79] and PandaX-II [75] provides limits on the spin-independent (SI) neutralino-nucleon elastic cross section σ SĨ come from LUX [78] and PICO-60 [80] , respectively. In Figure 2 we show current, as well as projected LUX-ZEPLIN [81] , constraints on σ SĨ χ 0 1 n and σ SD χ 0 1 n in the parameter regions that account for the observed DM abundance. The gray regions are excluded by either DM SI or SD scattering searches.
The top panels of Figure 2 show the predicted σ SĨ χ 0 1 n in the surviving region as a function of mχ0
1
. In the limit of heavy scalar superpartners, the dominant contribution of σ SĨ χ 0 1 n comes from the t-channel exchange of a Higgs boson [38, 72] :
Here µ r is the neutralino-nucleus reduced mass, C h i N N denotes the effective coupling between the Higgs and nucleon. As discussed in Subsection 3.1, in the vicinity of the Higgs resonance
is restricted by the observed DM abundance. In this region σ SĨ χ 0 1 n is practically independent of tan β and sign of µ, and it is large enough to be fully covered by the LZ projected limits. On the other hand, on the Z resonance the DM relic density is independent of C hχ 0 1χ 0 1
, and demands a fixed |µ| for certain mχ0 1 , such as |µ| 450 GeV for mχ0 1 = 45 GeV. As a result, for µ > 0 the σ SĨ χ 0 1 n cross section decreases when tan β increases and will be detectable at LZ. For µ < 0, however, due to the blind spot at sin 2β = M 1 /µ, it is impossible to test Z-resonance DM for tan β = tan[arcsin(45/450)/2] 20.
On the contrary, at tree level and in the heavy squark limit only the t-channel Z boson exchange diagram contributes to σ SD . Therefore, Z-resonant DM will be detected at LZ by SI DM-nucleon scattering, as shown in the bottom panels of Figure 2 . Since the 90% C.L. limit on the DM mass given by LUX [78] is about two times lower than the corresponding limit provided by PICO-60 [80] , while in our model σ SD
, in the following we only study the SD DM-neutron elastic cross section.
In summary, large part of the Z/h funnel region has been excluded by the current DM direct detection experimental constraints. The surviving regions require mχ0 [58, 63] GeV for negative µ. These regions will be probed by the SI and SD DM-nucleon scattering detection at LZ. We should keep in mind, however, that these regions are obtained under the assumption that the masses of all non-electroweakino sparticle masses are 3 TeV. If that is not the case, for example in ) logarithmic plane (lower panels) for µ > 0 (left panels) and µ < 0 (right panels). The orange solid lines mark the limit on σχ0 1 n given by XENON1T [74, 79] and PandaX-II [75] experiments. The green dashed lines mark the projected limit of LUX-ZEPLIN [81] . The colors show the value of tan β; gray regions are excluded by DM direct detection at 90% C.L.
the case of light squarks and a light non-SM-like CP-even Higgs, the SI DM-neutron cross section could reduce and modify the allowed regions. Similarly, for mχ0 1 < M h /2, the Higgs boson decay width into a pair of neutralinos is:
The combination of several searches performed by the ATLAS [83] and CMS [84, 85] collaborations sets an upper limit of 0.24 at the 95% C.L. on BR(h →χ 0 1χ 0 1 ) for the 125 GeV Higgs boson. In Figure 3 , we show these limits in the (mχ0 1 , |µ|) logarithmic plane for different values of tan β. It is clear that the limits become stronger as tan β decreases (increases) for µ > 0 (µ < 0), but they are always weaker than the DM direct detection limits. The global fit of Higgs couplings will provide a stricter constraint on the invisible Higgs decay width. However, since the other SUSY masses that we fixed at 3 TeV have non-negligible impact on the global fit, we do not impose the Higgs invisible decay constraint. The projected limit on BR(h →χ 0 1χ 0 1 ), such as BR(h →χ 0 1χ 0 1 ) > 0.4% from ILC [86] , can cover the whole Z funnel region, but not the h funnel [33, 49] .
Electroweakino searches at the 13 TeV LHC
The ATLAS [87] [88] [89] [90] [91] and CMS [55] [56] [57] [58] [92] [93] [94] [87] . The statistical combination of searches performed by CMS excludes the Wino below a mass of 650 GeV at the 95% C.L. [55] . The corresponding mass bounds for the Higgsino might be lower than that at least 100 GeV because the production rate of Higgsino-like chargino and neutralino pair is nearly half than the production rate of Wino-like chargino and neutralino pair [30] . Based on this surviving regions of Z/hresonance DM could be excluded since the DM relic density imposes strict requirements on the Higgsino mass, as shown in Figure 3 . In the following, we assess the LHC constraints on the parameter space of interest by a detailed Monte Carlo simulation.
We use MadGraph5_aMC@NLO_v2.6.1 [95] in combination with Pythia6 [96] to generate events for the relevant processes:
where the production rate of the first process at the LHC is much lager than the others. Herẽ χ ± 1 decays 100% to a W boson and aχ 0 1 ,χ 0 2,3 decay to a Z boson and aχ 0 1 or a h boson and χ 0 1 . Although the branching ratios BR(χ 0 2,3 →χ 0 1 Z) and BR(χ 0 2,3 →χ 0 1 h) depend on tan β and sign of µ, BR(χ 0 2,3 →χ 0 1 Z) BR(χ 0 2,3 →χ 0 1 h) 100% for the whole parameter space [30] . The cross sections are normalized to next-to-leading order (NLO) computed by PROSPINO2 [97] . Finally, we use CheckMATE-2.0.7 [98] with Delphes3.4.1 [99] to repeat the CMS analysis [55] .
The CMS combined search related to our processes [55] included the following channels.
• The "≥ 3 " search for the pp →χ [56] . In the several signal regions (SR) categorized by the number of lepton and lepton flavor, SR-A targets the W Z topology. This is done by selecting events with three light-flavor leptons (e, µ), two of which form an opposite-sign, same-favor (OSSF) pair. These events are further divided into 44 bins by the invariant mass of the pair M , the transverse mass M T of the third lepton and E miss T . In [55] , the categorization has been updated to improve the sensitivity for the region of mχ0 2 − mχ0 1 M Z by requiring H T , the scalar p T sum of the jets, with p T > 30 GeV. However, compared to [56] , the observed lower mass limit of the Wino-likeχ ± 1 for massless mχ0 1 has also been improved from 450 GeV to 500 GeV. Here we adopt the improved bins of SR-A for the analysis, but the validation of cut-flows is based on [56] since the cut-flow in [55] has not been provided.
• The "2 on-Z" search for the pp →χ • The "1 2b" search for the pp →χ As checked by CMS [55] , these SRs are mutually exclusive, which means that they can be statistically combined to maximize the detection sensitivity. Thus, we combine them together though the modified frequentist approach, CL s method [102] , by RooStats [103] . The likelihood functions are written as
where µ is the parameter of interest, µ and b i are nuisance parameters, and n i and b i are the number of signal and background events in the SRs. We take µ = 1 for the signal hypothesis and µ = 0 for the background only hypothesis. The background event numbers b i and uncertainties σ b i are taken from the CMS reports, while the relative uncertainties of signal σ µ is assumed to equal 5%. Covariance matrices are not included. The individual validations of our CheckMATE-2.0.23 implementation of the above analyses are given in Appendix A. This shows that our simulations agree with the corresponding CMS analyses within a 20% uncertainty. Since the signal events numbers are provided for the benchmark points, in Table 3 Table 1 . Benchmark points illustrating the result of the combined CMS electroweakino searches. The uncertainties in CL s only represent the uncertainties from the CL s calculation and do not include the uncertainties of the signal event generation.
In Figure 3 we show the 95% C.L. combined upper limits in the plane of mχ0 Table 1 . Comparing BP1, BP2 and BP3 we can see that the variation of tan β and sign of µ will affect the branching ratios of the Higgsino-likeχ 0 2,3 , which can be easily obtained from equation (3.2), but hardly change BR(χ 0 2 →χ 0 1 Z)+BR(χ 0 3 →χ 0 1 Z) and BR(χ 0 2 →χ 0 1 h)+BR(χ 0 3 →χ 0 1 h). For BP4, a heavier Higgsino mass µ leads to a relatively compressed spectrum and hence smaller signal cut efficiencies.
In summary, for Z/h funnel DM, regions in which µ is smaller than about 390 GeV are excluded by LHC Run-II results, which limits are stricter than DM direct detection for negative µ and positive µ with tan β >20. The Z funnel region is on the verge of complete exclusion. In the case of µ < 0, the h funnel region can only survive with tan β < 7.4, while the h funnel region of µ > 0 is the main surviving region. The h funnel regions for µ > 0 and µ < 0 are also shown in Figure 4 on the (tan β, |µ|) plane to display the surviving parameter space more clearly.
Electroweakino searches at the HL-LHC
Although the h funnel region of µ > 0, that is the main region that survives the current experimental limits, will be fully probed by LZ [81] , the HL-LHC reach is still worth investigating as a complementary test. We employ two electroweakino analyses at the HL-LHC proposed by ATLAS: the "3 " search [53] and the "1 2b" search [54] . Similar to the "≥ 3 " search at 13 TeV, the "3 " search at the HL-LHC targets the pp →χ 1 process at the HL-LHC corresponds to two signal regions, 'C' and 'D'. Unlike the 13 TeV analysis, the signal regions at the HL-LHC are not exclusive. For example, in both analysis, the signal region C covers the signal region D. As a result, we choose the signal region with the best-expected exclusion power in each analysis, and then combine them together using the CL s method described in Subsection 3.4. The combined expected 95% C.L. upper limits on the Z/h funnel region are presented in Figure 3 and Figure 4 by red dot lines. We find that the combined result pushes the bound on µ to 960 GeV, which is 150 GeV stricter than the result of each individual analysis. There is no doubt that the Z funnel region will be completely excluded. The parameter space of h funnel region will be restricted to a very small region: tan β < 8 for µ > 0 and tan β < 5.5 for µ < 0. Such small tan β, however, is highly disfavoured by experimental constraints, such as the SM-like Higgs data and the muon anomalous magnetic moment.
The Z/h funnel in phenomenological MSSM
In this section we briefly examine the Z/h funnel region in a wider model scope and with more experimental constraints. To this end, we study the light DM scenario of phenomenological MSSM (pMSSM) [60] by scanning the following parameter space:
2 < tan β < 60, 10 GeV < M 1 < 100 GeV, 100 GeV < M 2 < 1000 GeV, 100 GeV < µ < 1500 GeV, 50 GeV < M A < 2 TeV,
The mass of the gluino and the first two generation squarks are fixed to 2 TeV. In addition to the constraints described in Section 3, during the scan we implement the following experimental constraints at 95% C.L.:
• B-physics constraints, such as the precise measurements of B → X s γ, B s → µ + µ − , B d → X s µ + µ − and the mass differences ∆M d and ∆M s [82] ;
• the muon anomalous magnetic moment (a µ ), the measured value of which deviates from the SM prediction (a SM µ ) [104, 105] ;
• constraints on the Higgs sector included in the packages HiggsBounds [106] and HiggsSignal [107] .
Since there may be other sources of DM, here we set only an upper bound on the DM relic density. Assuming that the other sources of the DM have no interaction with nuclei, this implies that we have to scale the DM-neutron elastic cross section by the ratio of neutralino DM relic density and observed DM abundance. The surviving parameter regions of pMSSM are presented in Figure 5 with gray points indicating the samples excluded by DM direct detection and other colors indicating the unified mass of sleptons. The left panel is similar to the left top panel of Figure 2 , though nowχ 0 1 may represent only part of the total DM. Both the Z and h funnel regions are tightly restricted by the DM direct detection constraints that yield mχ0 1 ∈ [43.1, 45.6] GeV or [59.2, 63.6] GeV. In the right panel we find that the combination of electroweakino searches further excludes regions where the ratio of the neutralino DM relic density over the observed DM density is smaller than 58% (19%) for the Z (h) funnel region. Comparing the pMSSM model to the simplified model we find that the constraint on a µ , which requires tan β > 9, reduces the height of the h funnel region. Therefore, the whole Z/h funnel region is detectable at HL-LHC. Furthermore, a µ also restricts the slepton masses [108] . As shown by the colors in Figure 5 , the surviving samples require either a light slepton or a light chargino. An exclusion of light sleptons at the LHC will reduce the size of the Z/h funnel region in pMSSM.
Summary
In this work we investigate the current and future status of the Z/h funnel region in the MSSM. To this end, we scan the parameter space of the simplified MSSM to see if the relic density of the lightest neutralinos in the Z/h funnel is consistent with the WMAP/Planck measurement. Then we impose relevant experimental constraints, including DM direct detection, measurements of Z/h invisible decay, and direct searches for electroweakinos at the LHC. To take full advantage of the LHC data, we combine the result of "1 2b", "2 on-Z" and "≥ 3 " analyses performed by CMS. The combined result can push the bound on Higgsino mass |µ| up to 390 GeV, which is about 80 GeV stricter than the bound obtained from the individual analyses.
We find that in simplified model the Z funnel region is on the brink of complete exclusion, the h funnel of µ < 0 only survive if tan β < 7.4, and the h funnel region of µ > 0 is the main surviving region: They can be entirely detected by LZ, while regions 1. and 2. and most of the parameter space in region 3. and 4. can be excluded by the HL-LHC.
In pMSSM with 8 free parameters, the surviving parameter space becomes smaller due to other constraints. Especially, the light sleptons required by the muon anomalous magnetic moment will accelerate the exclusion of Z/h funnel region at the LHC. Table 2 . Validations for cut flow tables of the "3 " search [56] for various signal model points.
The "CM" stands CheckMATE. The "-" means that the corresponding cut is not applied. The yields in "All events" of "CM" are normalized by the production cross sections provide by the additional tables of [56] . Table 3 . Validations for cut flow tables of the "2 " search [57] for various signal model points.
The "CM" stands CheckMATE. The yields in "All events" of "CM" are normalized to "All events" of "CMS".χ Table 4 . Validations for cut-flows of the "1 2b" search [58] for various signal model points. The "CM" stands CheckMATE. The "-" means that the corresponding cut is not applied. The yields in "All events" of "CM" are normalized to "All events" of "CMS". Table 5 . Validations for SRs of the "3 " search [53] at HL-LHC for various signal model points.
The "CM" stands CheckMATE. The number of events of "CM" are normalized to the production cross sections provide by [109] . Table 6 . Validations for SRs of the 1 2b search [54] at HL-LHC for various signal model points.
The "CM" stands CheckMATE. The number of events of "CM" are normalized to the production cross sections provide by [109] .
